Abbreviations

AbR
Antibiotic resistance (resistant) GI Gastro-intestinal ICE Integrated conjugative elements LAB Lactic acid bacteria NSLAB Non starter lactic acid bacteria PDO Protected designation of origin ROS Reactive oxygen species RPP Ribosomal protection protein SLAB Starter lactic acid bacteria
Food fermenting microflora
Fermented foods result from the metabolic activity of a complex and heterogeneous microflora, which multiplies using naturally occurring substrates within the food matrix while converting them to a broad range of molecules that confer unique composition and sensory features to the final products. The composition of such ''food microbiota'' represents a key factor toward obtaining final products with typical taste, texture, and nutrient profile and is specific for each food, as it depends on the fermentable substrates as well as on production technology (temperatures, pH, ripening etc.) . Bacteria acting as fermentation starters in food may originate from environmental sources (i.e., pre-existing in the raw ingredients), or be added as commercial mixtures of specific strains to pasteurized matrices (milk, meat, vegetables etc.) . In this latter case, the microbiological profile is more standardized, although relative proportions among the different species can be altered by technological processing (Hansen 2002) . Several dairy and meat products typical of Mediterranean countries are obtained by traditional manufacturing procedures that do not employ selected industrial starters, relying on the microflora naturally present in raw ingredients (Morea et al. 1999) . Fermentation in such products is therefore carried out by natural starters, whose species profile reflects local environments. As an example, a recent study reporting comparison of the typing profiles of natural Lactobacillus paracasei isolates from products manufactured in different geographical regions of Italy, has shown almost unique strain composition for each product, as expected in fermented foods employing naturally occurring starters (Comunian et al. 2009 ). Selective pressure exerted by the technological steps along manufacturing procedures further impacts bacterial composition in the final product, leading to a wide range of fermented foods characterized by distinct flavors, consistencies and microbiological quality, achievable only within specific geographical areas. Most of these products, which are especially abundant in countries where warm climates allow ample microbiological biodiversity in environmental sources, are identified in Europe by the Protected Designation of Origin (PDO) label, a recognition which guarantees both the specific geographical origin and the unique production process (EC Council Regulation N°2081/92, July 14, 1992, protection of geographical indications and designations of origin for agricultural products and foodstuffs). The extent to which these products contain live bacteria mostly depends on the combination of technological and ripening processes to which each food is subjected before being consumed (Ercolini et al. 2004; Devirgiliis et al. 2008) . Dairy fermented products are frequently consumed fresh, containing therefore more than other fermented fodstuffs a complex, live microbial community which enters the human body through the food chain. Lactic Acid Bacteria (LAB) represent an important component of such fermented food microbiota.
Lactic acid bacteria (LAB) in food fermentations
LAB represent a heterogeneous group of Gram-positive, catalase-negative, non-spore-forming, low G ? C content, facultative anaerobic bacteria able to ferment sugars primarily into lactic acid via homo-or hetero-fermentative pathways (Bernardeau et al. 2008) . Several LAB species are involved in fermentation of a wide range of foods and beverages, such as dairy, meat, fish, vegetable, sourdough, wine, and cider (Liu 2003) . In dairy technologies in particular, they play different roles: starter LAB (SLAB) initiate the fermentation process, rapidly converting lactose to high concentrations of lactic acid whereas non-starter LAB (NSLAB) are responsible for ripening, which occurs through biological modifications leading to cheese maturation, greatly contributing to the quality of finished products. SLAB mainly include the mesophilic species Lactococcus lactis and Leuconostoc spp., as well as the thermophilic species Streptococcus thermophilus, Lactobacillus delbrueckii, and L. helveticus. On the contrary, the group of NSLAB is very heterogeneous, with Lactobacillus as the most represented genus (Settanni and Moschetti 2010) , followed by other genera including Enterococcus, Lactococcus, and Streptococcus (Liu 2003) . Lactobacilli can colonize raw foods (e.g., milk and meat) and multiply during fermentation. Environmental species of lactobacilli also display probiotic features, they can survive food processing and persist in finished products, constituting a large portion of the natural, live microflora in most fermented dairy and meat foodstuffs (Turpin et al. 2010 ). This aspect is extremely important, as they are also highly represented within the intestinal microbiota of humans and animals (Bernardeau et al. 2008) . Among lactobacilli, L. paracasei is the most common foodborne isolate from raw milk, as well as from dairy products such as typical mediterranean cheeses (Abriouel et al. 2008; Jokovic et al. 2008; Van Hoorde et al. 2008) . Together with the closely related species L. casei, L. rhamnosus, and L. zeae, it is also one of the most common bacterial species employed as probiotic additives in the food industry (Andriulli et al. 2008; Chouraqui et al. 2008) . Enterococcus species represent a substantial proportion of foodborne NSLAB. They perform important functions during cheese ripening and in the development of specific flavors in traditional cheeses and sausages, although they have also been reported to spoil processed meats (Franz et al. 2003) . Their use as human probiotics remains controversial, in light of the capability of most Enterococcus species to turn into opportunistic pathogens in immunocompromised individuals, leading to nosocomial infections such as bacteraemia or endocarditis (Foulquie Moreno et al. 2006; Ogier and Serror 2008) . The most relevant bacterial functions in dairy fermentations are encoded by genes involved in sugar metabolism, lipid metabolism, and in the proteolytic system. Proteolysis plays a key role in cheese ripening, especially toward the achievement of final texture and flavors. Availability of the complete genome sequence of L. helveticus DPC4571, a strain isolated from cheese whey, has enabled to identify specific genes of technological interest. Noteworthy, the genome of this foodborne strain is very similar to those of intestinal lactobacilli, although originating from considerably different environments. Bioinformatic analysis demonstrated that 65-75% of the genes were conserved between dairy and commensal lactobacilli, suggesting that a relatively small, though highly specific gene set accounts for the difference between dairy and gut species (Slattery et al. 2010 ).
Fermented food microbiota
The relevance of food microbiological biodiversity for human health becomes evident when considering the contribution it provides to the resident microbiota of the human gut. The human digestive tract harbors trillions of bacteria, many of which establish lifetime, symbiotic relationships with their hosts (Bik 2009 ). The gut microbiota provides the host with enhanced metabolic capabilities (i.e., enzymes that break down hard-to-digest polysaccharides in plant foods), protection against pathogens, development of the immune system and other yet poorly investigated regulatory functions, overall playing an essential role in the balance between health and disease (Martins dos Santos et al. 2010; Sekirov et al. 2010) . Changes in microbiota composition have often been associated with health disorders, such as IBS (Frank et al. 2007 ), Crohn's Disease (Manichanh et al. 2006) , obesity and weight loss (Backhed et al. 2007; Zhang et al. 2009; Tsukumo et al. 2009 ). LAB and bifidobacterial populations have been detected as part of the complex intestinal ecosystem in the majority of humans, even though species composition is highly subject-specific (Turnbaugh and Gordon 2009 ). These unique autochthonous or indigenous populations can be supplemented with LAB from dairy or probiotic products that are generally allochthonous, due to their transient passage through the GI tract (Vaughan et al. 2002) . Increasing evidence points to the ability of diet to shape the human gut microbiota, acting on the balance between Bacteroidetes and Firmicutes, the two major phyla of Gram-positive commensal bacteria residing in the gastro-intestinal tract. An important metabolic difference between these two phyla is the efficiency of energy extraction from undigestible dietary carbohydrates. Therefore, alterations in their relative ratio can result in increased energy accumulation, which is of special concern in certain pathological conditions. For this reason, several studies have focused in recent years on the composition of human gut microbiota in obese subjects under different dietary regimens (Turnbaugh and Gordon 2009; Backhed et al. 2007; Bajzer and Seeley 2006; Tsai and Coyle 2009; Neyrinck and Delzenne 2010 and references therein) . Nevertheless, the cause-effect relationship between microbial composition and this pathology is not yet entirely clear. Other studies investigated diet-gut microbiota interaction in non-pathological conditions: for example, a polysaccharide-rich diet was recently reported to lead to significant enrichment in Bacteroidetes and depletion in Firmicutes in the fecal microbiota of children (De Filippo et al. 2010 ). An interesting example of the interaction between food and gut microbiota is provided by a study on Japanese individuals, whose diet includes regular consumption of sushi. Their gut microbiota was shown to harbor resident bacteria that had acquired genetic material from a marine species, enabling to digest the components of the seaweed used to wrap sushi (Hehemann et al. 2010; Sonnenburg 2010) . Such an interplay between food and gut microbiota underlines the importance of food microbial composition in terms of both quality (e.g., presence of probiotic species) and safety (e.g., ratio of probiotics/ pathogens). From the food safety viewpoint, selection and spreading of antibiotic resistance genes in foodborne bacteria has gained increasing interest in the past decade. Environmental bacteria are inevitably found in milk and unprocessed meat, even when milking and slaughtering occur under proper hygenic conditions. When antibiotic resistant (AbR) strains persist alive in fermented products, they eventually reach the human GI tract through food consumption (Teuber and Perreten 2000) thereby increasing the risk of AbR gene transfer to human pathogens which might be present within the intestinal microbiota (reviewed in: Kazimierczak and Scott 2007) .
Origin and spread of antibiotic resistance in foodborne bacteria
Antimicrobial agents are commonly used in animal husbandry to cure or prevent the onset of bacterial infections. However, their use at sub-therapeutic doses as growth promoters has led over decades of use to selection of AbR strains within the intestinal microflora of treated livestock, and as a consequence AbR commensal bacteria have been detected in fermented foods derived from meat and milk. The cause-effect relationship between spread of antibiotic resistance in commensal bacteria and antimicrobial use in animal farming started to be seriously considered in the early 80s (reviewed in : Wegener 2003) , but a growing body of literature reporting identification of AbR genes in foodborne bacteria appeared after several European countries started monitoring their fermented foods for presence of AbR strains (Witte 2000; Teuber 2001; Hammerum et al. 2007; Klare et al. 2007; Maietti et al. 2007; Ammor et al. 2008; Ouoba et al. 2008; Zonenschain et al. 2009; Nawaz et al. 2010; Toomey et al. 2010 However, the majority of L. paracasei strains susceptible to these two drugs originated from cheeses produced in a region where livestock are traditionally pastured and no systematic use of antibiotics as growth promoters has been carried out over the years. Conversely, the highest number of resistant strains was detected in fermented meat and dairy foods produced in areas where more intensive practices have been applied in animal husbandry (Comunian et al. 2009 ). Antibiotics for human use belong to the same pharmacological classes as those employed in veterinary medicine (mainly tetracyclines, macrolides, glycopeptides, and aminoglycosides), even though represented by different molecules. Selection of antibiotic resistance by exposure to a specific drug therefore leads to cross-resistance against all antimicrobials belonging to the same class, through inhibition of common chemical features or action mechanisms (Wright 2003) . Simultaneous resistance to multiple unrelated antibiotics belonging to different pharmacological classes has also been reported to arise in bacterial populations, following exposure to a single drug. The most common mechanism proposed for this phenomenon is the genetic linkage of different AbR genes within gene clusters, followed by acquisition of such resistance islands by susceptible bacteria through horizontal gene transfer under selective pressure (Gilmore and Ferretti 2003) . This mechanism is supported by genomic identification of AbR islands flanked by mobile elements (Alekshun and Levy 2007) . A novel alternative mechanism was recently demonstrated, which occurs via ROS-induced mutagenesis stimulated by sublethal concentrations of bactericidal, DNA damaging antibiotics such as b-lactams, quinolones, and aminoglycosides. Increased mutation rates were associated in Escherichia coli with heterogeneous increase in the minimum inhibitory concentration (MIC) for several antibiotics, due to selection of multidrug resistance proteins with wider selectivity toward antimicrobials (Kohanski et al. 2010) .
The main threat associated with AbR in non-pathogenic, commensal bacteria is the risk of horizontal transfer of resistance determinants to pathogens, thus impairing successful antibiotic treatment of common microbial infections. Over 1,000 species are represented within the intestinal microbiota of humans and animals (Bik 2009 ), including opportunistic pathogens such as enterococci, natural members of the gut microbiota but capable of acquiring virulence genes (Ogier and Serror 2008) . Up to now, published reports on selection and dissemination of antibiotic resistance genes within the complex bacterial community of the human gut were focused mainly on clinically relevant species (Franz et al. 2003) . However, it is now becoming clear that foodborne LAB may act as reservoir of AbR genes potentially transferable to human pathogens (Mathur and Singh 2005) . The crowded environment of the gut in humans and animals represents an ideal site for genetic exchanges between the resident and transient components of the microbiota. On the basis of the precautionary principle and to prevent potential risks to human health, the use of antimicrobials as growth promoters in animal farming was progressively banned in European countries over the past 20 years (Casewell et al. 2003; Phillips 2007 ). Since then, several studies have shown steadily decreasing counts of antibiotic resistant bacteria in the feces of livestock (Wegener 2003) . However, low yet consistent levels of AbR species are still reported to occur in the environment, including food products ( indicating that drug exposure induces long-term alterations within complex microbial communities.
Genetic transferability of AbR in fermented food microbiota
Mobile elements are key players in the horizontal spread of resistance genes in bacteria. Plasmids and transposons represent highly organized mobile elements, whose presence in bacterial genomes indicates potential intra-and inter-species transfer of genetic material, including AbR genes (Alekshun and Levy 2007) . Other than plasmids and transposons, simple mobile elements such as insertion sequences (IS), capable of autonomous transposition, have been identified in association with AbR genes. IS are small segments of DNA flanked by short repeated sequences required for transposition, and encoding only few functions involved in their own mobility (Mahillon and Chandler 1998) . Like transposons, IS elements have been found on the chromosome, on plasmids or on both, but their horizontal transfer occurs only when they are associated with conjugative elements. Noteworthy, genome sequencing of the vancomycin resistant V583 strain of E. faecalis has shown the presence of 38 IS which, together with other mobile elements and exogenously acquired DNA, represent more than 25% of the entire genome (Paulsen et al. 2003) . It is therefore crucial to investigate the presence of mobile elements in the genomic context of AbR genes. To date, several works have reported such associations in LAB, mostly focusing on tetracycline and erythromycin resistance, as these antimicrobials are widely used in both human and animal therapy (Beaber et al. 2002; Pembroke et al. 2002; Teuber et al. 2003; Foulquie Moreno et al. 2006; Boguslawska et al. 2009 and references therein). Moreover, an increasing body of literature describes the presence of tetracycline resistance genes in the fermenting microflora derived from different food sources (reviewed in: Ammor et al. 2007 ). Horizontal transmission of AbR through conjugal transfer, however, has not always been demonstrated, indicating that it does not depend solely upon association with mobile elements. The most frequent AbR determinants reported to occur in LAB are listed in Table 1 : tet genes, especially those encoding ribosomal protection proteins (RPP), followed by erm genes which encode methyl-transferases conferring resistance to macrolides (Bernardeau et al. 2008) . The Tn916-1545 transposon family includes Tn916, a 18 kb element carrying the tet(M) gene which was the first conjugative transposon to be identified. It displays broad host-range, comprising both Gram-positive and Gram-negative bacteria (Clewell et al. 1995) . A variety of antibiotic resistance determinants associated with this family of transposons have been described in foodborne strains of E. faecalis and E. faecium, although conjugative transfer of resistance genes could not be demonstrated in all cases (Hummel et al. 2007) . In other reports, Tet resistant enterococci strains, originating from meat products and harboring Tn916-1545, were able to transfer tetracycline resistance to E. faecalis or Listeria innocua recipients not only in filter-mating assays, but also in meat food matrices (Rizzotti et al. 2009 ). In our studies, a group of tetracycline-resistant L. paracasei isolates from water buffalo raw milk and whey was shown to harbor Tn916-encoded tet(M) which could be transferred in filter-mating assays to E. faecalis via a circular intermediate containing a novel coupling sequence that confers low frequency-conjugation phenotype ). Several reports clearly indicate that bacterial genome plasticity leads to a great variety of genomic contexts which play a key role in the efficiency of genetic transfer in-between different species and genera. Few examples will better clarify this aspect. A strain of E. italicus isolated from robiola cheese was shown to harbor the tet(M) gene within a non-conjugative plasmid, which could not be transferred to a recipient E. faecalis (Borgo et al. 2009 ). On the contrary, a plasmid borne tet(S) gene identified in the E. italicus strain LMG 22195 isolated from fermented milk was shown to transfer to E. faecalis JH2-2 recipient by conjugation (Zago et al. 2010) . We have characterized tetracycline-resistant E. faecalis, Streptococcus bovis, and Lc. lactis harboring the tet(M) gene, showing that only in Lc. lactis the gene was plasmid borne and could be transferred with high efficiency to E. faecalis in in vitro conjugation assays. Independent erythromycin and tetracycline doubly resistant isolates of Lc. lactis were shown to harbor the erythromicin resistance methylase gene erm(B), and the RPP gene tet(S), genetically linked and plasmid borne, although they could not be transferred to E. faecalis recipients (Devirgiliis et al. 2010) . In Lc. lactis strains isolated from a Spanish, starter-free cheese and harboring the tet(M) gene within a functional Tn916 transposon inserted into a resident plasmid, the gene could be transferred by conjugation to other lactococci and enterococci (Florez et al. 2008) . A newly characterized erythromycin resistance plasmid (pLFE1) was described in the L. plantarum strain M345, isolated from raw-milk cheese. This plasmid was transferred with high frequency to E. faecalis in a gnotobiotic rat model (Feld et al. 2008) . In filter-mating experiments pLFE1 displayed broad hostrange, yielding transconjugants when mated to L. rhamnosus, Lc lactis, Listeria innocua, E. faecalis, as well as to the pathogen Listeria monocytogenes (Feld et al. 2009 ). Overall, these studies indicate that no exhaustive picture has yet emerged regarding all factors affecting transferability of AbR genes in foodborne LAB, although association with mobile elements as well as favorable genomic context appear to be essential requirements.
Metagenomic approaches to the study of antibiotic resistance in food microbiota
Metagenomics is a promising emerging field that allows to study complex microbial ecosystems through cultureindependent approaches. This latter feature is particularly relevant, since several species of environmental bacteria are unculturable in the standard media commonly used in the laboratory. It was estimated that 10 6 -10 8 separate genospecies of prokaryotic cells live on earth, and the majority of them is still uncharacterized (Simon and Daniel 2009) . Metagenomic approaches are usually applied to study the microbial community as a single dynamic entity (reviewed in: Streit and Schmitz 2004; Green and Keller 2006; Simon and Daniel 2009 ). Widely applied to soil, water (marine environments), oral and gut microbial communities (Tuohy et al. 2009 ), metagenomics has still limited applications in food ecosystems. The food microbiota is extremely complex, partly specific for each fermented food and in constant interplay with the environmental bacterial community, including the gut microbiota of animals and humans (Fig. 1) . Just like the gut microbiota, it is constituted by a large portion of unculturable species. The emergence of culture-independent methods can therefore greatly contribute to deeper understanding of the diversity and functionality of such a complex ecosystem, with the added value of providing also functional information on genes and pathways that could be exploited to improve microbiological composition and health-promoting functions of fermented foods.
One of the advantages of metagenomic libraries is their stability, which allows long-term storage and subsequent screening with any specific probe for additional genes of interest. In particular, fosmid libraries have the advantage of bearing large DNA inserts (30-40 Kb), thus allowing to characterize the genomic context surrounding specific genes and to unambiguosly identify the bacterial species from which they originate. In the field of antibiotic resistance, metagenomics has contributed to the characterization of known AbR genes and of their association with mobile elements, as well as to the identification of novel ones, thus leading to the definition of ''resistomes'' (Kazimierczak et al. 2009; Thaker et al. 2010) . For example, investigation of human oral and fecal metagenomes from healthy volunteers identified novel as well as known tetracycline and erythromycin resistance genes. Among them tet(M) was the prominent AbR determinant in oral samples and tet(W) in the feces (Seville et al. 2009 ). Sequencing of the Group A Streptococcus (GAS) metagenome led to the identification of exogenous integrated conjugative elements (ICEs), carrying multiple genes encoding resistance to antimicrobials, including tetracycline and erythromycin (Beres and Musser 2007) . Moreover, PCR analysis of a plasmid metagenome obtained from wastewater treatment plant bacteria revealed the presence of several clinical relevant AbR genes (Szczepanowski et al. 2009 ). Functional screening of metagenomic expression libraries on plates containing different antibiotics has been successfully applied in the case of oral (Diaz-Torres et al. 2006) , activated sludge (Mori et al. 2008) or soil (Donato et al. 2010) microbial communities. It is important to consider that possible limitations of function-based screenings might reside in the inability of a foreign host (E. coli in most cases) to properly express heterologous genes and to produce functional gene products. However, it was demonstrated that even evolutionary distant AbR genes (i.e., beta-lactamases isolated from a remote Alaskan soil bacterium) could confer AbR to E. coli without the need to manipulate the gene expression machinery of the host (Allen et al. 2009 ).
Application of metagenomics to the analysis of food microbiota requires evaluation of the specific questions to be addressed experimentally. The majority of genome sequences within the food microbiome are still unknown. Metagenomic approaches would be extremely helpful not only to expand taxonomic analysis to both culturable and unculturable species but also to identify metabolic Fig. 1 Graphic representation of the interplay among environmental, food, and gut microbiota of humans and animals. Foods derived from animal sources represent the key factors in vehiculating environmental bacteria to the human gut. Genetic exchanges can occur at any step, but they are greatly favored within the crowded environment of the gut functions and/or pathways which play essential roles in human health as well as in the quality and safety of fermented foods. Within this context, the approach based on cloning amplified 16S ribosomal DNA fragments poses some limitations (Ventura et al. 2009 ). Cloning large genomic fragments, on the other hand, presently appears the best strategy to obtain the necessary sequence information from flanking regions, allowing species identification as well as determination of the genomic context of target genes (Streit and Schmitz 2004) . Our laboratory is involved in the isolation and characterization of AbR genes in foodborne LAB, and we have recently extended our work to the analysis of the food microbiome. To this aim, we have constructed a fosmid metagenomic library containing large fragments of total DNA extracted from water buffalo mozzarella, a traditional fermented dairy food widely consumed in Italy (unpublished results) (Fig. 2) . Extraction of total bacterial DNA directly from food is more easily applicable to dairy products because, unlike fermented meats, they contain almost exclusively microbial DNA (from bacteria and yeasts), with undetectable contamination from higher eukaryotic cell DNA. The relative proportions among yeast, fungal and bacterial DNAs exclusively depend on the cheese source and can be evaluated on the basis of colony forming units. To restrict the analysis to the bacterial metagenome, libraries can then be screened with specific bacterial probes under stringent conditions. A metagenomic library containing the microbiome from water buffalo mozzarella is presently beeing screened in our laboratory with the aim of identifying AbR genes that escape detection with a culture-dependent approach (Devirgiliis et al. 2008 ). This traditional Italian PDO cheese is consumed fresh within 2 weeks from production and contains high titer of live microflora. In light of the health-promoting functions of commensal bacteria and of the interplay between environmental, food, and gut microbiota (Fig. 1) , we are also investigating the presence within the cheese metagenome of metabolic functions responsible for production of bioactive molecules from prebiotic substrates. We believe that food-based metagenomic approaches could be extended to a plethora of fermented dairy products typical of traditional dietary profiles such as the Mediterranean Diet, greatly contributing to deeper understanding of the probiotic, health-promoting functions naturally present within food microbiota. Fig. 2 Culture dependent versus culture-independent approaches to study the microbiome of waterbuffalo mozzarella, a fresh Italian PDO cheese containing high titers of live bacteria and yeasts Genes Nutr (2011) 6:275-284 281
